In patients with primary hyperaldosteronism, distinguishing between unilateral and bilateral adrenal hypersecretion is critical in assessing treatment options. Adrenal venous sampling (AVS) has been advocated by some to be the gold standard for localization of the responsible lesion, but there remains a lack of consensus for the criteria and the standardization of technique. STUDY DESIGN: We performed a retrospective study of 114 patients with a biochemical diagnosis of primary hyperaldosteronism who all underwent CT scan and AVS before and after corticotropin (ACTH) stimulation. Univariate and multivariate analyses were performed to determine what factors were associated with AVS lateralization, and which AVS values were the most accurate criteria for lateralization.
verse cardiovascular events independent of high blood pressure. 5 Therefore, in patients with primary hyperaldosteronism, distinguishing between unilateral and bilateral adrenal hypersecretion is critical in assessing treatment options. Diagnosis of unilateral hyperplasia or an aldosteroneproducing adenoma may be amenable to surgical cure with a unilateral adrenalectomy; a diagnosis of idiopathic bilateral hyperplasia should be managed with a mineralocorticoid receptor antagonist. 6 Adrenal venous sampling (AVS) was introduced in the late 1960s as a test to differentiate unilateral from bilateral hyperaldosteronism. 7 Because of technical difficulties in cannulating both adrenal veins, and improved imaging modalities such as CT and MRI, AVS was not widely adopted. Although sensitivities with CT scan have been reported to be as high as 90%, recent studies highlight the pitfalls of noninvasive imaging techniques, causing some to now advocate AVS as the gold standard for lateralization. 1, 4, [8] [9] [10] [11] In a prospective study of 203 patients by Young and colleagues, 4 21.7% of patients would have been incorrectly excluded as candidates for adrenalectomy and an additional 24.7% may have had an unnecessary or inappropriate adrenalectomy based on CT scan findings alone. In a meta-analysis of 950 patients by Kempers and associates, 12 37.8% of patients had CT or MRI results that were discordant with AVS. If only CT or MRI had been used, inappropriate adrenalectomy would have taken place in 14.6% of patients, inappropriate exclusion of adrenalectomy would have occurred in 19.1%, and incorrect side adrenalectomy in 3.9%. Zarnegar and colleagues 13 found that CT scan can reliably diagnose adenomas larger than 1.0 cm and that AVS should be used selectively, when CT findings are either equivocal or both adrenal glands are abnormal. 13 Although AVS may be re-emerging as the gold standard for differentiating between unilateral and bilateral primary hyperaldosteronism, there is a lack of standardization of technique and limited data on which AVS values to use to distinguish between unilateral and bilateral disease. [8] [9] [10] [11] [13] [14] [15] The aims of this study were to determine if routine AVS is necessary in all patients, what factors predict AVS lateralization, and what technique for AVS should be used to determine lateralization.
METHODS Patients
A computerized medical record database was used to identify 114 patients with the diagnosis of primary hyperaldosteronism who underwent CT scan and AVS under a clinical protocol approved by our Institutional Review Board. Medical records were retrospectively reviewed to obtain baseline demographic data, laboratory values, CT scan and AVS reports, pathology reports, and operative reports. All patients had comprehensive biochemical testing to confirm the diagnosis of primary hyperaldosteronism. In addition to aldosterone and renin levels, patients had confirmatory testing including a sodium chloride loading test, a captopril test, or a posture test. Clinical outcomes data included systolic and diastolic blood pressure, potassium level, aldosterone level, and number of antihypertensive medications at postoperative follow-up. Follow-up was performed either in the clinic or by telephone interview with the patient.
Adrenal venous sampling technique
Regardless of CT scan findings, all patients underwent AVS, which was performed by experienced interventional radiologists. Venous catheters were introduced via both femoral veins. Simultaneous catheterization of bilateral adrenal veins was performed in all patients using 4-F Mickaelsson, Simmons 1, and Cobra 2 catheters with or without modifications, to sample the right adrenal vein; and 4-F Simmons 2 or 3 catheters and, rarely, a sub 3-French microcatheter to obtain samples from the left adrenal vein. Peripheral samples were obtained from the right iliac vein. Two sets of baseline blood samples were drawn 5 minutes apart from each adrenal vein and the iliac vein. After the baseline draws, an intravenous bolus of 0.25 mg of ACTH followed by an infusion of ACTH (0.25 mg in 250 mL normal saline) at a rate of 150 mL/hour was administered. Blood samples were collected at 5 minutes, 10 minutes, and 15 minutes post-ACTH infusion, and levels for aldosterone and cortisol were measured. Appropriate placement of catheters in the adrenal veins was surmised by contrast venography and subsequently confirmed by appropriately elevated cortisol levels in the adrenal vein samples as compared with levels in the peripheral samples (ratio Ͼ 2).
Sample interpretation
The aldosterone-to-cortisol ratio (AC) was computed for each sample to correct for varying capture and dilution of adrenal venous effluent. Patients who demonstrated unilateral hypersecretion of aldosterone were referred for an adrenalectomy. Diagnosis of a unilateral hyperfunctioning adrenal gland was made if the AC ratio on one side was at
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ϭ aldosterone-to-cortisol ratio ACTH ϭ corticotropin AVS ϭ adrenal venous sampling PAC ϭ plasma aldosterone concentration PRA ϭ plasma renin activity least 4 times greater than on the contralateral side and the peripheral samples. An AC ratio that was lower than the periphery on the unaffected side especially after stimulation suggested a suppressed gland, and therefore, a unilateral hyperfunctioning gland on the contralateral side. Diagnosis of bilateral hyperplasia was made if the AC ratios on both sides were elevated and the response to stimulation was similar with no gradient observed between the 2 sites. Twelve different ratios were derived from the aldosterone and cortisol levels pre-and post-ACTH stimulation for each side at the time intervals stated above. These were an AC ratio for each side, ratio of AC from one gland versus peripheral AC, and greater AC ratio from one gland versus the smaller AC ratio from the contralateral gland.
Statistical methods
The association between CT and AVS was determined by cross-classifying the 2 parameters. The initial screening to determine which ratios were associated with AVS lateralization to left versus right side was performed using a Wilcoxon rank sum test. The p values presented are 2-sided and have not been adjusted for multiple comparisons. Ratios found to be statistically different according to left versus right location of abnormality were further evaluated for their ability to classify correctly according to side individually, in pairs based on time of determination, and then jointly, using logistic regression analysis. The MannWhitney rank sum, or Kruskal-Wallis tests were used to identify factors associated with AVS lateralization. Statistical analysis was performed using standard statistical software (SAS, Inc).
RESULTS
Of 114 patients, 85 underwent adrenalectomy at our institution for unilateral hyperaldosteronism. The demographic and clinical data are summarized in Table 1 . Our group of 114 patients consisted of 63 men and 51 women with mean age of 50.6 years (range 3 to 73 years). The mean plasma aldosterone concentration was 41.1 ng/dL (range 2 to 328 ng/dL), mean plasma renin activity value was 0.9 ng/mL (range 0.1 to 23 ng/mL), and mean plasma aldosterone concentration-to-plasma renin activity (PAC/ PRA) ratio was 100 (range 7 to 640). Patients with a PAC/ PRA of less than 14 ng/dL had aldosterone levels greater than 30 ng/dL, and all patients had confirmatory testing with a sodium chloride loading test, a captopril test, or a postural test. The average duration of hypertension was 12.8 years and ranged from several months to a maximum of 40 years. Patients were on an average of 2 to 3 antihypertensive medications. The average creatinine and body mass index were 1.1 mg/dL (range 0.5 to 2.3 mg/dL) and 30.6 kg/m 2 (range 19 to 47 kg/m 2 ), respectively (Table 1) .
Twelve patients had a previous history of thyroid dysfunction. Eleven patients had a history of myocardial infarction or congestive heart failure, and 8 patients had suffered an earlier cerebrovascular event or transient ischemic attack. Four patients had a first degree relative with primary hyperaldosteronism.
Both adrenal veins were catheterized successfully in all patients based on venography and elevated cortisol values compared with values from the periphery. Two patients had to have repeat procedures secondary to misplaced blood samples. One patient developed severe lumbar back pain that spontaneously resolved after an AVS procedure without radiographic evidence of adrenal hemorrhage or infarction. There were no other adverse events from AVS.
CT and AVS results
Of 57 patients who had a unilateral abnormality on CT scan, 5 patients lateralized to the contralateral side by AVS, and 6 patients had AVS consistent with bilateral hyperplasia (Fig. 1) . Therefore, 19.3% of patients would have had either an unnecessary adrenalectomy or adrenalectomy of the nonfunctioning adrenal gland if AVS was not performed. In 52 patients who showed bilateral disease on CT scan, AVS lateralized to one side in 43 patients and was concordant with the CT scan in 9 patients. In 5 patients who had no abnormality on CT scan, 3 lateralized with AVS. Of the group of 114 patients, 57 patients (50%) would have been inappropriately managed based on CT scan findings alone.
Aldosterone-to-cortisol criteria for AVS lateralization Logistic regression analysis, including the above listed AC ratios pre-and post-ACTH stimulation, showed that although 98% of patients could be lateralized based on the post-ACTH stimulation AC ratios with evidence of suppression of the contralateral gland from the periphery, 95% of patients could be lateralized with only pre-ACTH stimulation values ( Table 2 ). The remaining 2% did not localize with AVS. The adrenal vein AC ratio on each side and the ratio of adrenal AC to periphery AC on each side were adequate for successful lateralization.
Factors predicting lateralization
In our group of 114 patients, 17 patients were not localized with AVS, indicating bilateral hyperplasia and the need for further medical management. Univariate analyses were performed to assess which factors may predict lateralization with AVS (Table 3) . Age, gender, PAC, creatinine, body mass index, duration of hypertension, number of antihypertensive medications, and ability to localize an enlarged adrenal gland or mass on CT were not associated with lateralization by AVS. However, PRA, PAC:PRA ratio, and size of a nodule on CT scan greater than or equal to 3 cm were significantly associated with detection of unilateral disease by AVS (p Յ 0.02) (Fig. 2) .
Surgical outcomes
Of the 114 patients, 85 patients underwent surgery at our institution. Thirty-three patients had right adrenalectomy, and 51 patients had left adrenalectomy. One patient was identified as having massive macronodular adrenocortical disease and underwent bilateral adrenalectomy. Eighteen patients underwent open adrenalectomy and 67 patients had a laparoscopic adrenalectomy. Twenty patients experienced perioperative complications (Table 4) . One patient had an intraoperative diaphragmatic injury and required placement of a chest tube. Another patient had a Mallory Weiss tear that was postoperatively identified and emboli- zed. The remaining patients had grade 1 and 2 complications. There were no perioperative deaths.
Final pathologic findings confirmed a solitary cortical adenoma in 76% of patients and an additional 14% of patients had an adenoma within the background of cortical hyperplasia. Average adenoma size was 1.58 Ϯ 0.81 cm (range 0.2 to 4.5 cm). Seven patients had nodular hyperplasia, and in one patient, no nodule was identified. This patient had persistent symptoms postoperatively, underwent further workup, and ultimately had a contralateral adrenalectomy likely secondary to a mislateralization. Her previous post-ACTH AC ratio from the initial AVS was 48 and lateralized to the left adrenal gland. Pathology reports could not be located for 7 patients. Eighty of 85 patients were either cured or had improved symptom control as evidenced by normal postoperative PAC levels or improvement or normalization of blood pressure. Postoperative aldosterone levels were available and normal in 27 patients. At postoperative follow-up, 17 patients were normotensive (blood pressure Ͻ 140/90 mmHg) completely off all of their preoperative blood pressure medications, and 48 patients were on less medication. The average reduction in blood pressure medication was 1.5 medications, with a range of 1 to 3 medications discontinued per patient. Fifteen patients were on the same number of medications, but now were normotensive. All but one patient came off potassium supplementation because of persistent disease. Median follow-up was 8.8 months, with a range from 1 month to 9 years.
DISCUSSION
The results of this study support the routine use of AVS in all patients with biochemical evidence of primary hyperal- dosteronism because 50% of patients would have been inappropriately managed based on CT scan findings alone. Moreover, the most accurate measurement for AVS lateralization was the post-ACTH stimulation AC ratio, although a majority of patients can be localized without ACTH stimulation. We also found several factors associated with successful AVS lateralization such as absolute renin value, aldosterone-to-renin ratio, and size of the lesion on CT scan, but none were accurate enough to forgo the need for AVS. Traditionally, AVS has been considered a complex procedure associated with morbidities. The procedure itself is technically challenging and requires an experienced interventional radiologist. Historically, samples from the right adrenal vein could not be obtained in 30% of patients and complications such as bilateral adrenal infarction, adrenal vein dissection, and adrenal hemorrhage led to the use of CT and MRI as preferred methods to distinguish between unilateral and bilateral adrenal disease. 16 However, even high-resolution, thin-section (2 to 3 mm) CT scans can miss small nodules and can also pick up small nonfunctional incidentalomas. Our findings support the routine use of AVS in all patients with biochemical evidence of primary hyperaldosteronism because half of the patients would have been inappropriately managed based on CT findings alone. There were no technical complications associated with AVS in our study and our morbidity rate was 2.6%. Two patients required repeat AVS because a clerical error resulted in misplaced blood samples and one patient developed severe lumbar back pain that spontaneously resolved without radiographic evidence of adrenal hemorrhage or infarction.
No general consensus on the technique for AVS, the AC measurements taken, and the criteria used (with and without ACTH stimulation) for lateralization exists. Although some investigators use sequential adrenal vein catheterization, others use simultaneous sampling of both adrenal veins. The decision to use ACTH for adrenal gland stimulation, the dose, and method of administration also vary across institutions. One of the strengths of our study is that AVS has been performed with a consistent and systematic protocol by experienced radiologists. At our institution, AVS is performed by simultaneous catheterization of bilateral adrenal veins with and without ACTH stimulation given as a bolus and continuous infusion. However, on univariate and multiple logistic regression analyses of 12 different ratios derived from the AC ratio, pre-ACTH stimulation values successfully lateralized in 95% of patients, and the addition of ACTH allowed 98% of patients to lateralize. ACTH stimulation was the most accurate method for lateralization; it also allows for confirmation of successful adrenal vein cannulation and minimizes variability in cortisol secretion during sampling.
Factors that predicted successful AVS lateralization in univariate analyses included a low absolute renin value, high PAC/PRA, and lesion size on CT scan greater than or equal to 3 cm. We are not aware of any studies that have addressed predictive factors for successful AVS lateralization using demographic, clinical, laboratory, and imaging data. It is not surprising to find that patients with a unilateral large adrenal mass on preoperative CT scan were more likely to have AVS lateralize the tumor, especially in the setting of a normal contralateral adrenal gland. None of these factors, however, in combination or alone, could reliably predict unilateral hyperaldosteronism because the false positive rate of CT scan lateralization was 19%.
Previous studies have shown that unilateral adrenalectomy in patients with an aldosteronoma or unilateral hyperplasia results in complete surgical cure, with normalization of blood pressure without the use of antihypertensives in about one-third of patients and improvement in blood pressure in the remaining patients. 15, 16 Hypokalemia can be reversed in up to 100% of patients. Factors predictive of complete surgical cure include duration of hypertension less than 6 years, less than 3 antihypertensives to control blood pressure preoperatively, younger age (less than 50 years old), and female gender. 17, 18 In this study, our surgical cure rate was slightly less than what has been previously reported in the literature. This may be due to a longer duration of hypertension (12.9 years) in our study cohort, and the fact that 54% of patients were on 3 or more antihypertensives. Nonetheless, all the patients who had PAC levels available postoperatively had normal or undetectable levels. A majority of patients derived benefit from their operation in terms of hypokalemia resolution and number of blood pressure medications required. Postoperatively, patients were on an average of 1.5 blood pressure medications (range 0 to 6 medications). The main limitation of our retrospective study is that our study cohort may not be reflective of most patients with primary hyperaldosteronism because we are a referral center.
However, because all patients underwent a comprehensive biochemical workup to confirm the diagnosis of primary hyperaldosteronism and underwent a systematic approach for lateralization with both AVS and CT scanning in all cases, we believe our findings address the controversial issues of performing routine AVS, and determining if any clinical, imaging, and laboratory criteria can be used to avoid the need for AVS.
In conclusion, distinguishing between unilateral and bilateral adrenal hypersecretion in patients with primary hyperaldosteronism is critical in assessing treatment options. This study supports the routine use of AVS in patients with biochemical evidence of primary hyperaldosteronism and who want to proceed with adrenalectomy. Although the majority of patients can successfully be lateralized with only pre-ACTH stimulation values, the most accurate method for AVS lateralization is with ACTH stimulation. Furthermore, using renin values, PAC/PRA ratios, and size of the lesion on CT scan may guide the clinician in determining which patients will successfully lateralize with AVS, but none of these predictive factors are accurate enough to determine which patients need AVS.
